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One of the most important classes of human lectins is the C-type lectin class (CTLs), [2] [3] [4] [5] [6] and these proteins mediate selective and specific carbohydrate recognition and subsequently drive important functions such as endocytosis. 7 A number of major 3 C-type lectins are expressed on the surfaces of key immune cells such as macrophages and dendritic cells and have been identified as a potential platform for targeted drug delivery and synthetic vaccination. 8, 9 In general all CTLs share high sequence homology and tertiary structure, but the carbohydrate specificity can be generalized into two broad groups by tripeptide motifs in the Carbohydrate Recognition Domain (CRD) that engages calcium chelation and H-bonding with the C3 and C4 hydroxyl groups of the target carbohydrate subcomponent. CTLs such as DC-SIGN and Macrophage Mannose Receptor (MR; CD206) that contain the 'Glu-Pro-Asn' (EPN) motif in the CRD prefer to bind pyranose units with C3/C4 hydroxyls at equatorial/equatorial positions; these include mannose, L-fucose, and N-acetylglucosamine (GlcNAc). 10 Physiologically, these mannose-selective CTLs are generally credited as pathogen pattern recognition receptors. 11 In contrast to the several members of EPN type CTLs in humans, there are a small set of CTLs with the 'Gln-Pro-Asp' (QPD) motif in the CRD, and they have preferential binding to galactose-based sugars with the C3/C4 pyranosyl hydroxyls at an equatorial/axial position. 12 For the two major galactose-specific CTLs in the human body, ASGPR and MGL, where the structure and function are not fully understood, there have been no direct comparisons between their binding activities to synthetic ligands. ASGPR is a hepatic CTL largely expressed on sinusoidal face of hepatocyte surfaces, and is responsible for vascular homeostatic regulations 13 mediated by recognition of terminal galactose/GalNAc residues found on senescent de-sialylated glycan clusters found on circulating glycoproteins and platelets. 14 In contrast, MGL is an immunological CTL, expressed on the surface of macrophages and dendritic cells, implicated in stimulating T-cell signaling. 3 Glycopolymers that interact with biological systems possess considerable potential as novel therapeutics and molecular probes. Recent discoveries have led to complex compositions and architectures, attracting interest in various fields for numerous applications such as biosensors, 15 4 drug delivery components 16 , cryopreservation, synthetic vaccines 9 , immunodulators 8 and cell culture matrices. 17 However, the majority of the literature focuses on interactions with plant derived lectins such as Concanavalin A (ConA), 18 Soybean Agglutinin (SBA), 19 Peanut Agglutinin (PNA) 20 and Helix Pomatia Agglutinin (HPA). 21 In the context of human drug delivery and therapeutic applications, investigating human immunological C-type lectins such as MR, MGL
and DC-SIGN is of much higher importance and relevance.
Historically, the synthesis of well-defined glycopolymers has been a challenge, due to the need for complex multistep syntheses. Recently, however, this has been alleviated by the development of methods whereby glycopolymers can be synthesized by direct polymerization of glycomonomers. 
Synthesis
Representative spectra of the sugar azides and glycopolymers synthesized can be found in the supplementary information.
Azido sugars. 2-Chloro-1,3-dimethylimdazolinium chloride (4.6 g, 27.1 mmol, 3 eq) was added to a mixture of H2O (45 ml), sodium azide (5.9 g, 90.4 mmol, 10 eq), triethylamine (9.2 g, 90.4 mmol, 10 eq) and D-N-acetylgalactosamine/ D-N-acetylglucosamine (2 g, 9.0 mmol, 1 eq). The reaction was left stirring at 0 0 C for 1 hour and left to stir over night at ambient room temperature.
The reaction mixture was concentrated under reduced pressure. Ethanol (100 ml) was added and passed through a short column of Amberlite IR-120. The filtrate was concentrated under reduced pressure. H2O (10 ml) was added and washed with dichloromethane (3 × 15 ml). The aqueous layer was collected and freeze-dried. The resulting yellow solid was redissolved in methanol (10 ml) and precipitated into dicholoromethane (100 ml) to yield the pure products β-Nacetylgalactosamine azide (1.2 g, 4.9 mmol, 54 %) and β-N-acetylglucosamine azide (1.0 g, 4.1 mmol, 45 %) that were spectroscopically equivalent to those previously reported in the literature. ATRP of trimethylsilyl propargyl methacrylate (4-arm star); General procedure followed using a pentaerythritol based tetra-initiator. 39 The initiator concentration was calculated according General procedure for the synthesis N-acetylated glycopolymers. Poly(propargyl methacrylate), sugar azide (1.2 eq mol/mol with respect to the alkyne groups), 2,2'-Bipyridine (0.2 eq mol/mol with respect to the alkyne groups) and DMSO (5ml) were charged into a dry Schlenk tube. The tube was sealed and subjected to seven freeze-pump-thaw cycles. The resulting degassed mixture was transferred via nitrogen under nitrogen into a second Schlenk tube, previously evacuated and filled with nitrogen, containing Cu(I)Br (1 eq mol/mol with respect to the alkyne groups) and a magnetic stirrer. The reaction mixture was stirred at room temperature for 36 hours.
The glycopolymer was precipitated into THF. The precipitate was then dissolved in water and Numerical Fit. The models (eq 1, 2) were fitted numerically using MATLAB, standard errors were gained for each parameter by confidence bound of each fit. Response at equilibrium (Req) is measured as the average response over the last 20 seconds of the association phase (response as the sensorgram curve platos). Rmax and KD are determined simultaneously by fitting eq 1:
To obtain dissociation rate, a decay equation (eq 2) was fitted to the dissociation phase (buffer flow). The Response unit at the start of the dissociation phase was taken as the initial response unit (R0):
Association rate (kon) was obtained from KD and koff according to the relationship (eq 4): 
Investigating binding interactions of MGL with N-acetylated glycopolymers (GP1-GP2).
14 MGL has only been reported to be expressed in subtypes of macrophages and dendritic cells as a scavenger receptor that facilitates antigen presentation of nonself-antigens. 44 MGL expression is implicated in cancer progression and binds to GalNAc based tumour-associated carbohydrate (Tnantigen) on the mucin molecule MUC1 45 expressed by malignant cells. 46 Binding to MGL is reported to drive Th2-mediated responses via the MHC class II processing and presentation pathway, 47 as opposed to tumourcidal Th1 responses. 48 Although the engagement of MGL by ligands per se may not direct a specific response, it may influence and impact responses via coengagement of other receptors. 49 Therefore, from a bottom-up approach it was necessary to investigate whether our polymers could also interact with MGL as well as closely related CTLs.
The association and binding of glycopolymers to the target lectins was investigated using multichannel Surface Plasmon Resonance (SPR). Table 2 ). The extent of binding can be quantified using the SPR software via a two state model for glycopolymer-lectin interactions. 26, 50 From this fitting two KD values are obtained. For the purpose of this investigation a simple Langmuir-type isotherm fitting of each interaction was employed as a parsimonious model to quantify the glycopolymer-lectin interaction as a single dissociation equilibrium constant (KD, eq 1). Individual rate constants were obtained separately; dissociate rate (koff) from the dissociation phase (eq 2) and an apparent association rate, as the quotient of KD and koff. 
Investigating the effect of chain length and polymer architecture on binding affinity.
Typically, plant and human derived lectins exist as multimeric assemblies and as a result individual CTL-sugar interactions are weak. Multimeric, or multivalent sugar ligands often confer much stronger binding than monomeric and short oligomeric equivalents. This phenomenon is widely referred to as the 'glycoside cluster effect'. 51 One of the advantages of using RDRP protocols is the ability to control polymer chain length and architecture. Thus, it is possible to manipulate ligand multivalency by varying the number and orientation of pendant sugar groups present within target glycopolymers. Furthermore, the possibility of forming well-defined block copolymers provides access to higher-ordered structures such as micelles, vesicles and nano-gels wherein the density of sugar ligands present can in intricately controlled by the monomer feed. To this end, De
Coen and coworkers have investigated the potential of mannosylated nano-gels to target MR expressed on dendritic cells and found that increased particle size and ligand (mannose) density resulted in enhanced receptor binding and internalization. Table S1 , Figure S11) were prepared by ATRP employing a benzyl initiator 34 which enabled more accurate analysis of the number average molecular weight by 1 H NMR by comparing the distinctive benzyl protons During the initial study (GP1-2), all lectins were covalently bound to SPR chips via established amine coupling chemistry. 26 Removal of bound polymers from covalently immobilized lectins, usually via chelation chemistry (EGTA) 54 or simple acid treatment (pH 3 glycine buffer), 26 limits 19 the number of sequential experiments due to denaturation of the bound proteins. For a more reliable comparison of the PGalNAc library (GP3-9), fresh lectin was used for each SPR experiment to ensure the binding was not influenced by the previous experiment. This was carried out using Bio-Rad Laboratories ProteOn TM HTE Sensor chip, which contains tris-nitrilotriacetic acid, reported to have subnanomolar affinity towards His-tagged molecules. 55 Thus, His-tagged MGL was reversibly immobilized to a nickel sulfate activated SPR chip prior to analysis. Polymerbound lectins were then rapidly removed using chelating agent EGTA before immobilization of a fresh batch of His-tagged MGL between each subsequent experiment.
The binding of PGalNAc to MGL was largely unchanged as a function of the polymer valency ( Figure 3) . Although increasing the linear chain length, from DPn = 12 to DPn = 100 (GP3-7) was found to lower the overall KD of the polymer, the differences were not significant (517 -169 nM, Figure 3 , Table 3 ). The architecture of the PGalNAc polymers also had little effect on the binding to MGL with the 4-arm star (GP8) and 8-arm star PGalNAc (GP9), exhibiting comparable binding to the linear analogues (157 nM and 240 nM respectively, Figure 3 , Table 3 ). A similar observation was previously reported by Stenzel and coworkers, whereby the binding of glucose-containing 4-arm star glycopolymers to ConA, did not show a significant effect on binding compared to linear analogues. 18 As the association rate directly reflects the dissociation constant by our method, a similar trend was observed whereby PGalNAc appeared to bind marginally faster as a function of increasing valency (410 -1870 M -1 .s -1 , Table 3 ), whereas only minor changes in the dissociation rates were determined (1.66 x 10 -4 s -1 -3.45 x 10 -4 s -1 , Table 3 ) with no obvious trend with respect to valency.
Figure 3.
Binding constants of glycopolymers GP3-GP9 with MGL determined from SPR ( Figure   S20 ).
To date, the structure of MGL has not been fully elucidated, but has been reported to share similarities with DC-SIGN and Mannose binding protein (MBP) where the CRDs are relatively distant and face away from one another. Such an orientation might be expected to be ideal for cross-linking via multivalent ligands. 56 Indeed, one of the immunological functions of MGL has been attributed to cross-linking of CD45 expressed on the surface of activated T cells, modulating their behaviour. 57 Structurally, chemical cross-linking experiments have shown that MGL exists as a homotrimer. 56 Trimerization occurs in the neck domain and is independent of the CRD, with the junction between the two domains being protease sensitive. This indicates that the CRD consists of three discrete, distally orientated sugar binding sites that are potentially dynamic and capable of adjusting to compliment the glycan clusters presented to the lectin surface, similar to MBP. 56 Therefore it is proposed that the three binding sites interact independently with the PGalNAc polymers employed during this investigation. On a molecular level, this translates to the polymers not having to traverse the multiple binding sites of a single MGL trimer to enhance binding.
Relative binding of PGalNAc with ASGPR and MGL.
In comparison to MGL, ASGPR was discovered much earlier 58 and the structure and function has been more extensively explored. 59 Native human ASGPR consists of two different chains, H1 and H2, forming a hetero-oligomer. 60 Despite this, to date there are currently no crystal structures of the complete extracellular domain of the native H1/H2 heterooligomer, but the arrangement and orientation of the CRD is well investigated and optimal ASGPR ligands reported in the literature are selected based on the spatial arrangement of Gal residues within the native tri/tetra-antennary N-glycans. 61 The recombinant ASGPR used during this investigation (CRD and neck domain of H1 subunit), is a self-assembled homotrimer, 62 the structure of which closely resembles the native hetero-oligomer lectin, in which the binding sites are in close proximity, 54 presenting an interface more suitable for clustered glycosides, typically at the termini of a single, branched oligosaccharide. From previous literature pertaining to monosaccharide selectivity, 63 it was hypothesised that APSGR would exhibit similar binding selectivity to MGL. Having demonstrated binding of PGalNAc (GP1, 1.62 µM), and a lack of binding of PGlcNAc (GP2) to ASGPR ( Figure   4A ,B), the effect of chain length and architecture was again investigated. The overall binding of PGalNAc (GP3-GP9) to ASGPR was found to be lower than MGL, particularly for short polymer chain lengths (GP3-5, Table 3 ). However, a more pronounced effect on binding with changing the valency of PGalNAc was observed. (Table S1) . c Determined by size-exclusion chromatography (with DMF as the eluent) using conventional calibration obtained with Poly(methyl methacrylate) standards ( Figure S11 ).
d Determined SPR whereby GP3-9 were flowed at 0.25 µLs-1 for 375 seconds to afford association before buffer was flowed (t = 375-900 seconds) to establish the dissociation phase ( Figure S20 -S21 ).
At shorter chain lengths, the binding of linear PGalNAc (GP3-5) to ASGPR was comparable (GP3-5, 6.7 -5.5 μM). When the chain length was increased further, the dissociation constant decreased much more significantly than previously observed for MGL (GP6-7, 712 -372 nM).
Similarly to MGL, no significant effect was observed upon changing the polymer architecture (GP8-9, 560 -341 nM). Molecularly, this indicates that low molecular weight PGalNAc (GP3- 
